Cell-based therapy has shown considerable potential in treating diseases such as leukemia and osteoporosis. Certain types of cells, for example, killer lymphocytes that naturally attack cancer cells, are being studied for direct cancer treatment. [1] Other cells, such as mesenchymal stem cells (MSC), can be genetically engineered to produce therapeutics in situ after delivery. [2] However, one important issue in cellbased therapy is the targeted delivery of cells in vivo, which not only improves therapeutic efficacy, but also minimizes side effects. In this regard, several approaches have been studied. A straightforward method involves physical delivery of cells to the site of interest, with the help of proper medical devices. [3] Other targeting strategies, including the use of native cell-homing machinery [4] and expression or coating of cells with targeting ligands, are under intensive study. Carbohydrates, [5] short peptides, [6] and extracellular domains of cell membrane receptors [7] have all been used as targeting moieties.
In recent years, oligonucleotide-based probes, termed aptamers, have been developed with the specificity and affinity required for diagnostic [8] and therapeutic applications. [9] Similar to antibodies, aptamers can specifically recognize a wide range of targets that vary from small molecules to cancer cells. [8, [10] [11] [12] However, they have additional properties that make them more attractive than antibodies. For example, aptamers are usually smaller, which results in a better ability to penetrate tissue. Furthermore, no immunogenic reactions have thus far been reported for any in vivo experiment with aptamers. Finally, since nucleic acids can be chemically synthesized, aptamers can be readily adapted for modifications to meet different needs.
Our lab has previously developed diacyl phospholipid-DNA conjugates, [13] and herein, we report the use of this lipid-DNA probe to modify cell surfaces for specific cell targeting. We hypothesized that aptamers would induce cellular adhesion upon spontaneous receptor-ligand binding in a manner that mimics the natural process of cell-cell adhesion. We used leukemia cell lines to demonstrate that aptamers anchored on the cell surface could act as targeting ligands that specifically recognize their target cells. Further, we explored the potential of this probe in adoptive cell therapy. Immune-effector cells modified by the probe showed improved affinity, while remaining cytotoxic to target cancer cells. Our method of aptamer-mediated cell targeting is illustrated in Figure 1 a.
To label the cell surface with aptamers, diacyl lipid-DNA aptamer conjugates were synthesized as previously described. [13] A membrane-anchored aptamer can be divided into three distinct segments (Figure 1 a) . The first segment is an aptamer sequence selected by a process called cell-SELEX (systematic evolution of ligands by exponential enrichment). [11, 12] We have demonstrated in several cancer cell models that aptamers can recognize the molecular differences between target and control cell membranes by preferentially binding to target cells. In this study, two different aptamers, Sgc8, which targets protein tyrosine kinase 7 on CCRF-CEM cell membrane, [11, 14] and TD05, which targets the immunoglobulin heavy mu chain on the surface of Ramos cells, [12, 15] were used for testing. These aptamers exhibit high affinity (K dSgc8 = 0.8 nm, K dTD05 = 74 nm) and excellent selectivity towards their target leukemia cells, as required for mimicking native cell-surface ligand-receptor interactions. Moreover, because multiple aptamers are presented on each cell surface, multivalent interaction with target proteins can greatly improve binding. [16] The second segment is a PEG linker, which allows DNA to extend out from the cell surface, thereby minimizing nonspecific and steric interactions between the cell-surface molecules and the aptamer. As a consequence, the PEG linker facilitates the conformational folding of the aptamer, which is important for aptamer-target binding. The third segment, a synthetic diacyllipid tail with two stearic acids, is conjugated at the 5' end as the membrane anchor. By its hydrophobic nature, the diacyllipid tail could firmly insert into the cell membrane with excellent efficiency. [13] To demonstrate lipid insertion, a fluorescent dye molecule (TAMRA) was conjugated to the 3' end of the oligonucleotides. After incubation with cells, the labeled lipid-DNA probes were detected on the cell membrane by confocal microscopy (Figure 1 b) . Aptamer density on the cell surface can be easily controlled by varying the incubation time or initial DNA probe concentration. As shown by flow cytometry, a higher initial concentration generally resulted in more aptamers anchored on the cell surface, and after 1 mm concentration, the increment of probe concentration did not improve insertion much for CEM cells (Supporting Information, Figure S1 To test whether the aptamers could fold properly to recognize their targets after anchoring on the cell membrane, we first designed a homotypic cell targeting experiment. We expected that cells modified with their targeting aptamer would form a cell-aptamer-cell assembly. As shown in Fig To further demonstrate aptamer specificity, we designed experiments to show different types of cell assemblies. Ramos cells were first treated with lipo-Sgc8-TMR (fluorescent), and mixed with unmodified CEM cells (nonfluorescent) at a 1:10 ratio. Cell aggregates with a flower-like structure were observed ( Figure 2 a and b) . Each cluster contained two types of cells: surface-modified fluorescent cells and nonfluorescent target cells. Heterotypic cell adhesions were also observed between CEM and Ramos cells using lipo-TD05-TMR ( Figure S3 ). The generality of this assembly strategy was demonstrated by crosslinking CEM/Ramos with other cell lines, such as Jurkat and K562, using similar procedures ( Figures S4 and S5) .
Controlled cell aggregation could also be realized in mixed cell populations. For example, K562 cells were labeled with lipo-Sgc8-TMR or lipo-TD05-TMR, and then a mixture of CEM (nonfluorescent) and Ramos cells (CellTracker Green-labeled) was added. Depending on which aptamer was used, K562 specifically recognized CEM or Ramos in the mixture ( Figure 2 c and d) , and no mismatched cell aggregates were observed. This indicated that aptamers anchored on the cell membranes were still very specific and could therefore be applied in a biological system. Finally, we quantified the cell aggregation using flow cytometry. As presented in Figure 2 e, 40-95 % CEM cells formed aggregates with Ramos cells when modified with TD05, compared with less than 5 % aggregate formation in DNA-library-modified CEM cells (Table S1 ). The percentage of aggregation can be controlled by the aptamer concentration and the ratio of modified cells to target cells. An increase in probe concentration up to 1 mm can significantly increase the aggregation percentage. From 1 mm to 2 and up to 5 mm, the increase is small because 1 mm modification was sufficient to cause 80-90 % cell aggregation, and the number of lipo-DNA on the cell surface was close to each other ( Figure S1 a) . On the other hand, since an increased number of target cells can increase the chance of interaction, more aggregates were formed when an excess of Ramos cells was used.
To further confirm that the cell assembly was induced by DNA aptamers anchored on cell surfaces, the aggregates were treated with a nuclease and a protease that can destroy either aptamers or target proteins, respectively. First, CEM cells modified with lipo-Lib-TMR or lipo-TD05-TMR probes were mixed with 5 equivalents of Ramos cells (CellTracker Greenlabeled). Images taken immediately after mixing showed that most CEM and Ramos cells remained apart with only a few small aggregates ( Figure S7 
Angewandte
Chemie ure S8 a). Finally, these cell aggregates were treated with deoxyribonuclease I, which can cleave single-and doublestranded DNA. As shown in Figure 2 g, i, after treatment, the red fluorescent signal on CEM cells disappeared because the TMR dye molecule had been cleaved from the cell surface. Moreover, fewer aggregates can be seen in Figure 2 g than in Figure 2 f, which indicates that the aggregation caused by aptamer-target recognition had been disrupted by removal of DNA aptamers from the modified cell surfaces. It is noteworthy that some small aggregates remained, as shown in Figure 2 g, and that the interface between these two cells remained yellow. One possible reason is that the binding of these two cells was so tight that DNase was prevented from interacting with the aptamers by steric hindrance; consequently, the aggregates remained intact. We also treated cellular aggregates with proteinase K, a protein known to digest the target surface proteins of Ramos cells, [15] which resulted in the disassembly of aggregated cells and the uniform dispersion of individual cells ( Figure S9) .
As delivered cells are intended for therapy, modification of the cell surface should not affect cellular functions. The components of the probe, including oligonucleotides, PEG polymers, and diacyl lipids, are not known to be cytotoxic. To test whether the insertion had any toxic effect on cells, cell necrosis and apoptosis were tested after modification, and minimal cell death was observed (Figure S10 a) . The proliferation rate was monitored using a cell proliferation assay, and no significant change was observed in any cell lines with 1 mm modification (Figure S10 b) . These results suggested that the probe itself is not cytotoxic at 1 mm concentration.
To further investigate the cellular effect of the lipid-DNA probe on immune effector cells, we used NK cells, a type of killer lymphocyte, as a model. NK cells recognize cells independent of major histocompatibility complex (MHC), and they kill cells that do not express MHC by releasing granule proteins. [17] K562, a type of chronic myelogenous leukemia cell line, is often used as a target for in vitro NK cell assays. [18] The aptamer used in this study was KK1B10, an aptamer that specifically recognizes K562 cells. [19] In the binding assay (Figure 3 a) , unmodified and library-modified NK groups showed a higher background binding (about 40 %) than previously demonstrated CEM-Ramos binding assays. This is because NK cells spontaneously recognize K562 cells. Aptamer modification of NK cells targeted 60 % of the K562 cells, which improved NK cell targeting efficiency by 50 % compared with unmodified and library-modified NK cells.
To determine if NK cells modified with the KK1B10 aptamer would affect their killing functions, we set up a NK cytolytic assay, as previously reported. [20] Compared with unmodified NK cells, control library-modified NK cells showed the same killing effect on K562 cells (around 21 %; killed fewer K562 cells, but the decrease was considerably smaller in the aptamer-modified group, thus suggesting that aptamer modification can improve cell targeting without affecting immune effector function (Figure 3 b) .
These results suggested the feasibility of a novel T-cell killing model, in which the specific cytotoxicity was controlled by membrane-anchored aptamers. A primary immortalized cytomegalovirus (CMV)-specific CD8 + cytotoxic T lymphocyte (CTL) clone (HLA A0201) preactivated with 12-myristate 13-acetate (PMA) and ionomycin was used as the immune effector cell type. The target cells were Ramos cells, a B-cell Burkitts lymphoma cell line. Ionomycin synergizes with PMA to activate protein kinase C, resulting in perforingranule release from CTL. [21] The perforin/granzyme cell death pathway requires direct contact between effector and target cells. [22] Therefore, without a CMV-specific peptide-MHC I complex on Ramos cell surfaces, the CMV-specific CTL cannot recognize Ramos cells, thus resulting in only a background cytotoxic effect towards Ramos. However, when assisted by surface-anchored TD05 aptamers, the modified CTL have increased affinity toward target Ramos cells, thereby facilitating and prolonging interactions between effector and target cells. Thus, enhanced killing of Ramos cells should be observed.
To test this, we first performed a binding assay to study the binding between CTL and Ramos cells. We then designed the CTL-Ramos cell-killing assay in a manner similar to the previously described NK-K562 cellkilling assay ( Figure S11 ). As shown in Figure 3 d, about 15 % and 30 % of Ramos cells were dead in the aptamer-modified CTL group in 3 h and 6 h, respectively, whereas < 5 % dead Ramos cells were found in Lib-modified or unmodified CTL groups. To confirm that Ramos cell death was caused by CTL, an anti-perforin antibody that blocks the perforin/granzyme pathway [23] was added to the aptamer-modified group. The percentage of dead Ramos cells was greatly reduced, from 15 % to 5 %. This aptamer-modified CTL-killing assay demonstrated that aptamers could redirect specific CTL killing towards the desired target cells, which shed light on potential applications of the lipo-aptamer probes in adoptive cancer immunotherapy. It is noteworthy that aptamers endowed CTL with new targeting specificity, and that the recognition was independent of MHC, which is a major limitation of CTL therapy. An in vivo model to study the trafficking of aptamer-modified cells and immune effector killing is under investigation in our group.
In conclusion, we have successfully engineered a novel targeting ligand on cell membranes for specific cell targeting. We have demonstrated that the noncovalent modification is simple, yet effective, with no short-term effect on modified cells. The selective assembly of multiple types of cells by aptamer-protein recognition is rapid and target-specific. Immune effector cells modified with aptamers can recognize leukemia cells through MHC nonrestricted structures, thus leading to elevated cancer cell targeting and killing. Using a CMV-specific CD8 + CTL clone as immune effector cells and Ramos cells as target cells, we have demonstrated, for the first time, a redirected cell killing by T cells, where the specificity was controlled by aptamers. Further study will focus on the metabolism of the synthetic lipid and in vivo cell trafficking. We believe that the diversity of aptamer targets and the facile nature of the modification make this strategy attractive in cell-based delivery and therapy. Assisted by membrane-anchored aptamers, CTL targeted and killed Ramos cells through cell-mediated immunity. CTL-mediated cytotoxicity was confirmed by blocking the perforin/granzyme pathway with an antibody. Values are means with SD (n = 3). The single asterisk indicates a significant difference between aptamer-modified and unmodified or Lib-modified groups determined by the one-tailed t-test at P < 0.01. The double asterisks indicate a significant difference between aptamer-modified and anti-Perforin treated groups determined by the one-tailed t-test at P < 0.01.
